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Abstract of EP1072779 

The target peak current value where current value is reduced in conformity to the drop of voltage of 
battery (18) is stored in target peak current storage unit (68). ON-signals are sent from current control 
circuit (56) to power transistor (50) in response to the injection command pulse coming from engine 
controller (58) so that current is applied to coil (20). Then the current flowing to coil (20) is detected by the 
current detecting resistor (52). Comparator (62) compares this detected current and the target peak 
current value read from the target peak current storage unit (68) conforming to the voltage of battery (18). 
If agreement is found between these two values, OFF-signals are sent to power transistor (50) from 
current control circuit (56) in response to the switching command coming from comparator (62). Then the 
On/Off signals to send holding current to coil (20) are sent from current control circuit (56) to power 
transistor (50). The linearity of the injection volume despite changes in battery voltage can be maintained. 
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(54) Fuel injector and internal combustion engine 

(57) The target peak current value where current 
value is reduced in conformity to the drop of voltage of 
battery (18) is stored in target peak current storage unit 
(68). ON-signals are sent from current control circuit 
(56) to power transistor (50) in response to the injection 
command pulse coming from engine controller (58) so 
that current is applied to coil (20). Then the current flow- 
ing to coil (20) is detected by the current detecting resis- 
tor (52). Comparator (62) compares this detected 
current and the target peak current value read from the 
target peak current storage unit (68) conforming to the 
voltage of battery (18). If agreement is found between 
these two values, OFF-signals are sent to power tran- 
sistor (50) from current control circuit (56) in response to 
the switching command coming from comparator (62). 
Then the On/Off signals to send holding current to coil 
(20) are sent from current control circuit (56) to power 
transistor (50). The linearity of the injection volume 
despite changes in battery voltage can be maintained. 
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Description 

BACKGROUND OF THE INVENTION: 

(Technical Field ) s 

[0001] The present invention relates to an electro- 
magnetic fuel injector and an internal combustion 
engine, and particularly to an electromagnetic fuel injec- 
tor directly driven by a battery voltage and an internal 10 
combustion engine equipped with said fuel injector. 

Prior Art) 

[0002] The electromagnetic fuel injector is known 15 
as an internal combustion engine, for example, a fuel 
injector mounted on the vehicle such as car. 
[0003] The electromagnetic fuel injection valve 
(hereafter called "injector") of this electromagnetic fuel 
injector comprises a nozzle provided with fuel injection 20 
hole, a plunger which is inserted in the nozzle in freely 
reciprocating mode with a valve on the tip thereof, and a 
return spring to give elastic force to the plunger in the 
direction of closing valve, and a coil to provide the 
plunger with electromagnetic force for opening the 25 
valve, using the power supplied from the battery. When 
current is applied to the coil, the plunger is attracted and 
the valve is released from the valve seat of the fuel 
injection hole; then fuel is jetted out of the fuel injection 
hole. When application of current to the coil is sus- 30 
pended, magnetic attraction by the coil is damped, and 
the valve is closed by the elastic force of the return 
spring. 

[0004] The volume of injection by the injector is con- 
trolled by the valve opening command time. Generally, 35 
there is a delay of valve response with respect to valve 
opening command time and valve closing command 
time. An area where perfect linearity cannot be estab- 
lished occurs in the fuel injection volume characteristics 
showing the relationship between the valve opening 40 
command time and injection volume. This requires the 
injector to have linearity established over an extensive 
field. However, the injector mounted on the internal 
combustion engine designed for reduced costs is 
required to ensure accurate injection with less fuel, and 45 
linearity with respect to short valve opening command 
time is very important. To meet these requirements, a 
great variety of injector driving methods have been pro- 
posed. 

[0005] For example, saturated method (voltage so 
drive) and peak hold method (current drive) are well 
known as the injector and drive method, as disclosed in 
"Electronically Controlled Gasoline Injection" (by Fuji- 
sawa and Kobayashi, 1987, Sankaido Publishing Co., 
Ltd.). 55 
[0006] Generally in the saturated method, many 
turns of coil are used, and drive current continues to 
increase even after the valve has terminated lifting, until 
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it reaches the point close to the saturated current which 
is restricted by coil internal resistance and drive circuit 
internal resistance. The circuit impedance is higher than 
that in the peak hold method, and the rising edge of the 
current flowing to the coil less sharp due to inductance. 
If the saturated current value is properly set by adjusting 
the coil internal resistance and drive circuit internal 
resistance, there is no need of providing a current con- 
trol circuit, thereby allowing configuration at reduced 
costs. 

[0007] In the peak hold method, a smaller number 
of coil turns are used. The circuit inductance and circuit 
impedance are low, and the rising edge of the current in 
valve opening operation is sharper than that in the satu- 
rated method. However, coil inductance and impedance 
are low in this method. So if current is continuously 
applied to the coil in a specified state, excessive current 
will flow to the coil to damage it. To prevent this, this 
method uses a current limiting mechanism provided in 
the drive circuit. When the current flowing to the coil has 
reached the preset value (set peak current), the duty of 
voltage applied to the coil is by dropped from 100%, 
thereby restricting the current to the value required to 
hold the valve. 

[0008] Comparison of above two methods shows 
that the peak hold method with high current response is 
more frequently used in order to implement the linearity 
of injection volume with respect to valve opening com- 
mand time in the low injection area. 
[0009] For example, the Japanese Patent Laid- 
Open NO. 241137/1994 discloses an electromagnetic 
fuel injector where the fuel pressure is detected to 
increase the target peak current value according to fuel 
pressure or to prolong the current switching time, 
thereby adjusting the magnetic attraction, namely, drive 
force with respect to the changes of the load applied to 
the valve body. 

[0010] The fuel injector disclosed in the Japanese 
Patent Laid-Open N0.241 137/1 994, however, is not 
directly driven by battery voltage. It has a voltage boost 
circuit and low voltage circuit, without consideration 
given to changes in electric circuit system for drive. 
[0011] In other words, the electromagnetic fuel 
injector driven directly by battery voltage requires con- 
sideration to be given not only to the changes of loads 
applied to the valve body, but also to the changes occur- 
ring to the electric circuit comprising the battery, coil and 
harness, such as the drop of battery voltage due to star- 
tup or abrupt change of electric load, to the secular 
change of the resistance of the harness including the 
coil, and to the increase of resistance due to heat gen- 
eration. 

[0012] Despite battery voltage applied to the coil, 
drop of the battery voltage will delay the time for coil cur- 
rent to reach the preset peak current value. Moreover, a 
substantial drop of battery voltage may cause coil cur- 
rent to be unable to reach the preset peak current. 
[0013] In the electromagnetic fuel injector, voltage 
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applied to the coil causes coil current to be delayed by 
the inductance component of the coil. Delay between 
the input magnetomotive force (product of current and 
number of coil turns) and magnetic attraction is also 
caused by eddy current. This delay will turn into a kind 5 
of integrating filter; therefore, not only the peak current 
value but also current application time must be taken 
into account in order to get linearity also in the low injec- 
tion area with the magnetic attraction assuming an 
appropriate value. 10 

[0014] In other words, when the peak hold method 
is used, the injector is not directly driven by battery volt- 
age in the prior art; therefore, the configuration thereof 
is not made optimum to get the linearity of injection vol- 
ume under each condition, with respect to the changes 15 
occurring to the electric circuit comprising a battery, coil 
and harness. 

SUMMARY OF THE INVENTION: 

20 

[0015] An object of the present invention is to pro- 
vide a fuel injector and internal combustion engine 
capable of maintaining the linearity of injection volume 
with respect to the changes in the state of the electric 
circuit to drive the electromagnetic fuel injection valve. 25 
[0016] The above object can be attained by the 
invention providing a fuel injector which comprising a 
current application controller which controls drive of the 
valve body installed on an electromagnetic fuel injection 
valve, by controlling current so that current flows to a 30 
coil to generate magnetic force for driving said valve 
body until the current of driving said valve body in the 
direction of opening the valve becomes greater than 
that of holding said valve body open, and by controlling 
current so that a change occurs to current application 35 
time when driving said valve body in the direction of 
opening; wherein said current application controller 
allows current to be applied to reduce the maximum cur- 
rent in the event of increase of said current application 
time in current application when driving said valve body 40 
in the direction of opening said valve. In this case, it is 
preferred that current be applied to the coil installed on 
the electromagnetic fuel injection valve without boosting 
the battery voltage, and that a current application circuit 
to allow current to flow from the battery the coil be pro- 45 
vided. 

[0017] The fuel injector comprises (1) a voltage 
detecting means to detect the voltage of the battery 
connected to said current application circuit, (2) a cur- 
rent detecting means to detect the current flowing to the 50 
coil connected to said current application circuit, and (3) 
a current value storage means to store the target peak 
current value in conformity to battery voltage. 
[0018] Here the current application controller cap- 
tures the target peak current value in conformity to the 55 
voltage detected by said voltage detecting means 

from said current detecting means, compares 
between said target peak current value and the current 
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detected by said current detecting means, and controls 
current application using as a target value the current 
value which is smaller than said target peak current 
value, on conditions of agreement of said two current 
values. 

[0019] In this case, the current storage means is 
preferred to store the target peak current where the cur- 
rent is reduced in conformity to the drop of the voltage 
of the battery connected to the electric circuit. 
[0020] Furthermore, said injector comprises (1) a 
combined resistance estimating means to estimate the 
combined resistance including the resistance of said 
current application circuit to connect the battery with 
coil, and the resistance of the coil connected to said cur- 
rent application circuit, (2) a current detecting means to 
detect current flowing to said current application circuit, 
and (3) a current storage means to store the target peak 
current in conformity to said combined resistance; 
wherein said current application controller captures 
from said current storage means the target peak current 
in conformity to the resistance estimated by said com- 
bined resistance estimating means, compares this tar- 
get peak current with the current detected by the current 
detecting means, and controls current application using 
as a target value the current value which is smaller than 
said target peak current value, on conditions of agree- 
ment of said two current values. 
[0021] In this case, the combined resistance esti- 
mating means is preferred to be configured to ensure 
that estimate changes in the composed resistance 
including the resistance of said current application cir- 
cuit and the resistance of the coil connected to said cur- 
rent application circuit, from the relationship between 
the current value stored in said storage means and 
combined resistance, using the time elapsed after start 
of current application and the current value after lapse 
of a specified time. 

[0022] It is also preferred that a voltage detecting 
means be provided, and the storage means to store the 
relationship between the current and combined resist- 
ance store the relationship between the current and 
combined resistance with respect to voltages of multiple 
batteries, and configuration be designed to estimate the 
combined resistance including the resistance of said 
current application circuit and the resistance of the coil 
connected to said current application circuit, based on 
the battery voltage detected by the voltage detecting 
means. 

[0023] It is further preferred to provide control to 
delay the time to switch the state of current application 
from the target peak current value to the holding current 
value, if there is an increase of the combined resistance 
including the resistance of the current application circuit 
and the resistance of the coil connected to this current 
application circuit. 

[0024] It is also preferred that the current value stor- 
age means stores a target peak current value where 
current value is reduced in conformity to increase of the 
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combined resistance. 

[0025] Further, a fuel injector comprises (1) a volt- 
age detecting means to detect the voltage of the battery 
connected to said current application circuit, (2) a cur- 
rent detecting means to detect the current flowing to the s 
coil connected to said current application circuit, and (3) 
a timing storage means to store the time to switch in 
conformity to said battery voltage; wherein said current 
application controller measure the time elapsed from 
the start of current application in the case of driving the w 
valve body in the direction of opening the valve, cap- 
tures from said timing storage means the time to switch 
in conformity to the voltage detected by said voltage 
detecting means, compares this switching time with said 
measured time, and controls current application using 15 
as a target value the current value which is smaller the 
current flowing to said coil, on conditions of agreement 
of said two times. 

[0026] In this case, it is preferred that the timing 
storage means store the target switching time which is 20 
delayed in conformity to the drop of battery voltage. 
[0027] Further, the fuel injector comprises (1) a 
combined resistance estimating means to estimate the 
combined resistance including the resistance of said 
current application circuit to connect the battery to the 25 
coil, and the resistance of the coil connected to said cur- 
rent application circuit, (2) a current detecting means to 
detect current flowing to the coil, and (3) a timing stor- 
age means to store the time to switch in conformity to 
said combined resistance; wherein the current applica- 30 
tion controller measure the time elapsed from the start 
of current application in the case of driving the valve 
body in the direction of opening the valve, captures from 
said timing storage means the time to switch in conform- 
ity to the resistance estimated by said combined resist- 35 
ance estimating means, compares this switching time 
with said measured time, and controls current applica- 
tion using as a target value the current value which is 
smaller the current flowing to said coil, on conditions of 
agreement of said two times. ao 
[0028] In this case, it is preferred to provide control 
to delay the time to switch the state of current applica- 
tion from the target peak current value to the holding 
current value, if there is an increase of the combined 
resistance including the resistance of the current appli- 45 
cation circuit and the resistance of the coil connected to 
this current application circuit. 

[0029] It is also preferred that the timing storage 
means store the target switching time which is delayed 
in conformity to the increase of the combined resist- 50 
ance. 

[0030] The above object can also be attained by the 
invention providing a fuel injector which comprising a 
current application controller which controls drive of the 
valve body installed on an electromagnetic fuel injection 55 
valve, by controlling current so that current flows to a 
coil to generate magnetic force for driving said valve 
body until the current of driving said valve body in the 
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direction of opening the valve becomes greater than 
that of holding said valve body open, and by controlling 
current so that a change occurs to current application 
time when driving said valve body in the direction of 
opening; wherein said current application controller 
controls current to the coil, based on fuel injection com- 
mand pulse with the width thereof compensated when 
there is an increase in current application time. 

[0031] Furthermore, the above object can also be 
attained by the invention providing a fuel injector which 
comprising a current application controller which con- 
trols drive of the valve body installed on an electromag- 
netic fuel injection valve, by controlling current so that 
current flows to a coil to generate magnetic force for 
driving said valve body until the current of driving said 
valve body in the direction of opening the valve 
becomes greater than that of holding said valve body 
open, and by controlling current so that a change occurs 
to current application time when driving said valve body 
in the direction of opening; 

wherein said fuel injector comprises a combined 
resistance estimating means to estimate the combined 
resistance including the resistance of said current appli- 
cation circuit to connect between the battery electrically 
connected to said coil to supply current thereto and said 
coil, and the resistance of said coil; and said current 
application controller controls current to the coil, based 
on fuel injection command pulse with the width thereof 
compensated in conformity to the resistance estimated 
by said combined resistance estimating means. 
[0032] According to the present invention, delay in 
valve closing operation is reduced by allowing current to 
be applied to reduce the maximum current in the event 
of increase of said current application time when driving 
said valve body in the direction of opening said valve, 
thereby maintaining linearity of injection volume. 
[0033] By controlling current to the coil based on 
fuel injection command pulse with the width thereof 
compensated when there is an increase in current appli- 
cation time, it is possible to reduce the influence on fuel 
injection volume given by the change in the state of the 
drive circuit which causes the current application time to 
increase. This allows linearity of injection volume to be 
maintained. 

[0034] It is also possible to reduce the influence of 
combined resistance on the fuel injection volume by 
compensating the pulse width in conformity to the com- 
bined resistance including the resistance of the current 
application circuit connecting the battery with coil and 
the resistance of the coil. This allows linearity of injec- 
tion volume to be maintained. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0035] 

Fig. 1 is a block diagram representing the electro- 
magnetic fuel injection given in the first embodi- 
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ment; 

Fig. 2 is a diagram representing the injector struc- 
ture and equivalent circuit model; 
Fig. 3 is a block diagram representing the electro- 
magnetic fuel injection given in the second embod- 
iment; 

Fig. 4 is a diagram showing the relationship 
between the battery voltage and coil current, and 
the relationship between the target current and time 
table; 

Fig. 5 is a flowchart to describe the operation of the 
current switching controller; 
Fig. 6 is a diagram showing the coil current, applied 
voltage and injection volume when the battery volt- 
age resistance and fuel pressure are in the stand- 
ard mode; 

Fig. 7 is a characteristic diagram showing the drive 
conditions according to the conventional method at 
a low battery voltage; 

Fig. 8 is a characteristic diagram showing the injec- 
tion drive conditions at a low battery voltage by the 
drive method according to the present invention; 
Fig. 9 is a characteristic diagram showing the drive 
conditions according to the conventional method at 
an increasing coil/harness resistance; 
Fig. 10 is a characteristic diagram showing the 
drive conditions according to the present invention 
at an increasing coil/harness resistance; 
Fig. 1 1 is a diagram to describe the relationship 
between the resistance and coil, and contents of 
the target peak current value and time table; 
Fig. 12 is a characteristic diagram showing the 
drive conditions according to the conventional 
method at an increasing fuel pressure; 
Fig. 13 is a characteristic diagram showing the 
drive conditions according to the present invention 
at an increasing fuel pressure; 
Fig. 14 is a diagram to describe the relationship 
between the coil current and each optimum fuel 
pressure point, and contents of the target peak cur- 
rent value and time table; 

Fig. 15 is a diagram to describe the relationship 
between the battery voltage and each optimum fuel 
pressure point, and contents of the target peak cur- 
rent value and time map; 

Fig. 1 6 is a diagram to describe the concepts of tar- 
get Ip map and target Tp map; 
Fig. 17 is a characteristic diagram to describe the 
injector drive method when holding peak current; 
Fig. 1 8 is a block diagram to describe the configura- 
tion of the internal combustion engine where fuel 
injector shown in Fig. 1 is mounted; and 
Fig. 1 9 is a block diagram to describe the configura- 
tion of the internal combustion engine where fuel 
injector shown in Fig. 3 is mounted. 



DESCRIPTION OF THE INVENTION: 

[0036] One embodiment of the present invention 
will be described with reference to figures. In Fig. 1, an 

5 internal combustion engine, for example, an electro- 
magnetic fuel injector mounted on the vehicle such as 
car, has an injector 10. Fuel in fuel tank 12 is supplied to 
this injector 1 0 through a fuel passage 1 6 by the drive of 
a fuel tank 14, and D.C. power is supplied thereto from 

w a battery 1 8. When current is applied to a coil 20 built in 
the injector 1 0, the fuel of the fuel passage 1 6 is injected 
to the engine (not illustrated). In other words, the volt- 
age of battery 18 is applied to the coil 20 without being 
boosted by the booster circuit, etc. Therefore, when the 

15 resistance of the current application circuit is taken into 
account, voltage below the battery voltage is applied to 
the coil 20. 

[0037] To put it more specifically, injector 10 com- 
prises a cylindrical injector proper 22 connected to fuel 

20 passage 16, a cylindrical guide 24 inserted into the 
internal surface of the cylindrical injector proper 22, a 
bobbin 26 secured on the external surface of the guide 
24, a coil 20 mounted on the bobbin 26, a cylindrical 
core 28 surrounding the external surface of the coil 20, 

25 a yoke 30 formed on the tip of the core 28 integrally 
therewith, a cylindrical nozzle 32 secured on the inter- 
nal surface of the yoke 30, a freely reciprocating plunger 
34 inserted into the nozzle 32, and a return spring 36 
laid out adjacent to the plunger 34, as shown in Fig. 2 

30 (a). Said coil 20 is connected to said battery 1 8 through 
a terminal 38 and connector 38a. A fuel injection hole 
40 is formed on the tip of the nozzle 32, and the tip of 
the nozzle 32 is opened or closed by the conical valve 
(valve body) 42. This valve 42 is formed on the tip of the 

35 plunger 34 integrally therewith. Receiving elastic force 
from the return spring 36 as an elastic body, valve 42 
closes seat surface (valve seat) 44. A swirler 46 to 
atomize the fuel is provided halfway the tip of the 
plunger 34. Voltage from battery 18 is applied to the coil 

40 20. When the coil 20 is energized, magnetic flux is gen- 
erated from the coil 20. A magnetic path connecting the 
yoke 30, core 28 and plunger 34 is formed to generate 
magnetic attraction (electromagnetic force) among the 
core 28, yoke 30, and plunger 34. Force to open the 

45 valve is given to valve 42 by this magnetic attraction 
against elastic force of closing the valve. Then the valve 
42 is released from the seat surface 44, and fuel is jet- 
ted through the fuel injection hole 40. The coil 20 and 
core 28 can be represented by the equivalent circuit 

50 model shown in Fig. 2 (b). 

[0038] In the injector 10 according to the above 
configure, the load set by the return spring 36 and fuel 
pressure by pressurized fuel (fuel pressure) are applied 
to the valve when the valve is opened. This requires 

55 greater magnetic attraction than when the valve is held 
open. Only when this magnetic attraction has reached 
the level greater than the force including the set load 
and fuel pressure force, the plunger 34 starts displace- 



5 



9 EP 1 072 

> 

ment. Therefore, the time required to allow magnetic 
attraction to be generated from the coil 20 must be min- 
imized since it affects delay in opening the valve 42. In 
other words, this requires a quick application of current 
to the coil 20. Thus, peak hold method is used for the 5 
injector 10 in the present embodiment, and both the 
resistance and inductance of the coil 20 are set to a 
small value. 

[0039] The valve 42 can be held open with a smaller 
magnetomotive force when the valve 42 is held open 10 
than when the valve 42 is opened. This is because fuel 
is jetted from the fuel injection hole 40 by the opening of 
valve 42, pressure is balanced before and after the 
valve 42, and the force by fuel pressure is reduced. At 
the same time, air gap with core 28, yoke 30 and 15 
plunger 34 is reduced to cause the magnetic flux den- 
sity of this air gap to be increased. This makes it possi- 
ble to make an effective use of the magnetomotive 
force. Furthermore, when closing the valve 42 after 
opening it, the magnetomotive force in holding the valve 20 
is reduced by suspending application of voltage to the 
coil 20. If the magnetomotive force is reduced below the 
set load of the return spring 36, then the valve starts to 
close. If the magnetomotive force is excessive when the 
valve is held open, closing of the valve will be delayed. 25 
Therefore, when the valve is held open, the valve 42 
must be held at the current close to the limit of holding. 
Moreover, the resistance and inductance of the coil 20 
are set to small values. So if current is continuously 
applied to the coil 10 with the battery voltage kept con- 30 
stant, excessive current will flow to coil 20, resulting in 
response delay and heat generation at coil 20. To solve 
this problem, when the valve 42 is kept open, control is 
made to ensure the current valve appropriate to holding 
(holding current), while current to coil 20 is also control- 35 
led. 

[0040] To control current application to coil 20, the 
present embodiment adopts the following configuration: 
Current detecting resistor 52 is connected to one end of 
the coil 20 through power transistor 50, as shown in Fig. 40 
1 . At the same time, one end of the current detecting 
resistor 52 is connected to the ground, and diode 54 is 
connected to both ends of power transistor 50 in anti- 
parallel mode. 

[0041] The power transistor 50, as a switching ele- 45 
ment, is inserted in the current application circuit con- 
necting between battery 18 and coil 20 together with the 
current detecting resistor 52. Current control circuit 56 is 
connected to the base of the power transistor 50, and 
the current control circuit 56 is connected with engine so 
controller 58 and current switching control unit 60. The 
engine controller 58 is configured to output to the cur- 
rent controller 56 the injection command pulse (pulse 
width Ti) determined according to the engine operation 
state such as throttle opening. The current control cir- 55 
cuit 56 turns on the power transistor 50 in response to 
the injection command pulse, and starts current to be 
applied to the coil 20. When the current flowing to the 
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coil 20 has reached the target peak current, configura- 
tion is designed to repeat on-off operations of power 
transistor 50 in order to allow holding current smaller 
than the target peak current to flow to the coil 20 in 
response to switching command from the current 
switching control unit 60. 

[0042] The current switching control unit 60 com- 
prises a comparator 62, switching current determining 
unit 64, resistance estimation unit 66, target peak cur- 
rent storage unit 68 and timer 70. Comparator 62 is con- 
nected to current detecting resistor 52 and current 
control circuit 56. The switching current determining unit 
64 is connected to the engine controller 58, fuel pres- 
sure sensor 72 and battery 18. The target peak current 
storage unit 68 as a current storage means stores the 
data on the target peak current in conformity to battery 
voltage, fuel pressure and harness resistance. 
[0043] The switching current determining unit 64 
captures the output voltage of battery 18 and has a 
function as a voltage detecting means to detect battery 
18. At the same time, it captures clock signals from 
timer 70 and has a function as a measuring means to 
measure the time elapsed after start of current applica- 
tion according to these clock signals. Furthermore, the 
switching current determining unit 64 captures the 
detection pressure of fuel pressure sensor 72 as a fuel 
pressure detecting means to detect fuel pressure in the 
fuel passage 1 6. At the same time, it captures the resist- 
ance estimated from the resistance estimating unit 66, 
namely, the combined resistance including the resist- 
ance of the current application circuit connecting the 
battery 18 with coil 20 and resistance of coil 20; it cap- 
tures said resistance as harness resistance. It captures 
from the target peak current storage unit 68 the target 
peak current value in conformity to the changes in bat- 
tery voltage, fuel pressure or harness resistance, and 
outputs this target peak current value to the comparator 
62. Furthermore, it has the function of a pulse compen- 
sating means which compensate the pulse width Ti of 
the injection command pulse (pulse width set on condi- 
tion that the battery voltage is within the scope of the 
rated voltage, the combined resistance denotes the set 
value, and the fuel pressure inside the fuel passage 
indicates the set value) according to the changes in volt- 
age of the battery voltage 18, changes of harness 
resistance or changes of fuel pressure. The comparator 
62 compares between the output of the current detect- 
ing resistor 52 as a current detecting means to detect 
the current flowing to the coil 20, and the target peak 
current value selected by the switching current deter- 
mining unit 64. When the current flowing to coil 20 has 
agreed with the target peak current value, switching 
command is output to the current control circuit 56. In 
other words, the power transistor 50, diode 54, current 
control circuit 56 and current switching control unit 60 
are configured to serve as communication control 
means. 

[0044] Configuration shown in Fig. 3 can be used 
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when a switching command to specify the current to be 
switched is issued from the current switching control 
unit 60 to the current control circuit 56. In other words, a 
target switching time storage unit (timing storage 
means) 74 is provided instead of target peak current 5 
storage unit 68, and a switching timing determining unit 
76 is installed instead of the switching current determin- 
ing unit 64. The switching timing determining unit 76 
measures the clock pulses coming from the timer 70 
from the start of current application, and issues the w 
switching command from the switching time storage unit 
72 to the current control circuit 56, on condition that the 
time elapsed after the start of current application has 
agreed with the target switching timing. 

[0045] When only the changes in the battery volt- 15 
age are taken into account, the target peak current stor- 
age unit 68 and target switching time storage unit 
(timing storage means) 74 store the data on the target 
peak current value and target switching timing deter- 
mined by the relationship between the battery voltage 20 
and oil current in relation to the changes in the voltage 
of the battery 18, as shown in Fig. 4. 
[0046] Fig. 4 (a) illustrates the characteristics repre- 
senting the relationship between the battery voltage and 
coil current when coil 20, harness resistance and fuel 25 
pressure are set at desired values. Fig. 4 (a) shows that 
response of the coil current is reduced by drop of the 
battery voltage. The curve shown by the dotted line in 
the Figure represents the optimum injection characteris- 
tics. This curve can be obtained either by experiment or 30 
simulation. The crossing point between this optimum 
curve and the current response is the optimum target 
peak current value at each battery voltage. Fig. 4 (b) 
tabulates the relationship of the characteristics shown in 
(a). The values which is reduced in the direction where 35 
the battery voltage is reduced are given to the table for 
target peak current value. The values which increase in 
the direction where the battery voltage is reduced are 
given as the time to reach the peak, namely, target 
switching timing. 40 
[0047] The operation of the current switching con- 
trol unit 60 will be described with reference to the flow 
chart in Fig. 5. This embodiment shows an example of 
obtaining the target peak current value for every first 
drive of injector 10 (an example of obtaining the target 45 
peak current value of the i + 1-th injection from the 
detection result of i-th injection). Firstly, the battery volt- 
age Vbi prior to i-th injection is detected (step S1). Then 
for i-th injection, battery voltage Vbi is applied to coil 10 
(step 2). Then clock signals coming from the timer 70 50 
are measured. When measured time T is the same as 
the preset time Tc, current Ip (Vbi) flowing to coil 20 is 
detected (step 3). Then the data in the column of battery 
voltages Vbi is sought from the current response value 
map at time Tc with respect to each battery voltage Vb 55 
and each resistance Rc stored in the resistance esti- 
mating unit 66 (step 4). Then the resistance value Rci 
which becomes the current value Ipii closest to the coil 



current Ip (Vbi) is stored as coil and harness resistance 
(step 5). After that, the output from the fuel- pressure 
sensor 72 is captured and fuel pressure Pfi of i-th injec- 
tion is detected (step 6). 

[0048] The above processing allows battery voltage 
Vbi, resistance Rci and fuel pressure Pfi in the i-th injec- 
tion to be clarified. These values are used as bases to 
seek the Ip map inside the resistance estimating unit 66 
and to obtain the i + 1-th target peak current value Ip (i 
+ 1) (step 7). Then the i + 1-th coil current application is 
carried out based on the target peak current value Ip (i 
+ 1 ) (step 8). 

[0049] As discussed above, repeating the steps S1 
to S8 allows the injector 10 to be driven always at the 
optimum target peak current value. 
[0050] When the injector 10 is driven according to 
target switching timing instead of target peak current 
value, the data on Tp map of the target switching time 
storage unit 74 is sought to obtain the i + 1-th target 
switching time (target switching timing) Tp (i + 1), 
instead of obtaining i + 1 -th target peak current value Ip 
(i + 1) in step 7. Then i + 1-th coil current application is 
performed based on the target switching time Tp (i + 1 ). 
[0051] Drive of the power transistor 50 is controlled 
by the current control circuit 56 in conformity to the tar- 
get peak current value or target switching time (target 
switching timing) determined by the above processing. 
In this case, while the coil current detected by current 
detecting resistor 52 is lower than the target peak cur- 
rent value, or time measured by the switching timing 
determining unit 76 has not yet reached the target 
switching time, the power transistor 50 is kept turned on 
by ON-signals coming from the current control circuit 
56, and battery voltage is continuously applied to coil 20 
to increase the volume of current sent to the coil. When 
the current flowing to the coil has reached the peak cur- 
rent value or when the time elapsed after the start of 
current application has reached the target switching 
time, the power transistor 50 is deactivated once. Then 
the power transistor 50 repeats on-off operations to get 
holding current lower than coil current value at that time 
point, thereby maintaining the current at the holding cur- 
rent value to be sent to coil 120. In other words, the 
holding current required to hold the valve 42 open is 
supplied to the coil 20. 

[0052] When the injection command pulse from the 
engine controller 58 falls, current application to power 
transistor 50 is suspended by the current control circuit 
56 to terminate fuel injection by the injector 10. In this 
case, even if coil current has not yet reached the target 
peak current or the elapsed time has not yet reached 
the target switching time, current application to the coil 
20 terminates when the injection command pulse falls, 
and injection by injector 10 terminates. 
[0053] The following describes the drive method 
according to the present invention when battery voltage, 
resistance and fuel pressure are set to the standard 
state. At the same time, it also discussed the result of 
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comparison between the drive method according to the 
present invention and conventional drive method when 
the battery voltage has dropped, when coil and harness 
resistance has increased, and when fuel pressure (fuel 
pressure) has increased. 

When battery voltage, resistance and fuel pressure are 
set to normal states) 

[0054] Fig. 6 (a) is a characteristic diagram repre- 
senting an example of injector 10 turned on when the 
width T of the injection command pulse coming from the 
engine controller 58 is 1 .5 ms. In this case, the target 
peak current value read from the target peak current 
storage unit 68 is Ip. In the initial phase of starting the 
current application, the power transistor 50 is kept 
turned on, and battery voltage Vb is continuously 
applied to the coil 20. When current flowing to the coil 
20 makes an abrupt increase and coil current has 
reached Ip under this condition, power transistor 50 is 
turned off by the command from comparator 62, and 
voltage applied to the coil 20 is suspended once. Time 
in this case is assumed as Tp. This makes coil current 
reduced below Ip. In this case, coil current is detected 
by the current detecting resistor 52. If coil current has 
reduced below the optimum current value Ih required to 
hold the valve 42 open, the power transistor 50 is turned 
on again, and on-off operation of the coil current 50 is 
repeated. When this switching time has exceeded 1 .5 
ms and the injection command pulse has risen, the 
power transistor 50 also turns off; and current applica- 
tion to coil 20 also terminates. This results in damping of 
the magnetic attraction generated from the coil 20. The 
valve 42 is pressed against the seat surface 44 by the 
elasticity of return spring 36 (spring force) and fuel pres- 
sure, and fuel injection terminates. In this case, the 
holding current as the current of coil 20 is the optimum 
value Ih, so short delay in valve closing can be realized. 
[0055] Fig. 6 (c) is a characteristic diagram for injec- 
tion volume where width Ti (ms) of the injection com- 
mand pulse coming from the engine controller 58 is 
plotted on the horizontal axis, and injection volume in 
this case is assigned on the vertical axis. When the 
valve is opened, the target peak current value is set to 
the optimum value Ip, and holding current is set to the 
optimum value Ih. This makes it possible to realize the 
characteristics that the volume of injection exhibits a lin- 
ear increase in conformity to increase of the width of 
injection command pulse when the valve is opened. 

When battery voltage is dropped > 

[0056] Figs. 7(a) and (b) are characteristic dia- 
grams showing changes in coil current and applied volt- 
age when target current Ip is kept unchanged, even if 
the battery voltage is dropped with resistance and fuel 
pressure kept unchanged from the state of Fig. 6. 
[0057] Rise of coil current is less sharp when the 
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battery voltage has reduced from Vb to Vb1 in Figs. 7 
(a) and (b). This results in coil current reaching the Ip 
much later than Tp, and Tp1 arrives. Then application of 
battery voltage Vb1 is suspended temporarily, and this 

5 makes coil current lower than Ip. The current is detected 
by the current detecting resistor 52, and when the coil 
current is reduced below the current value appropriate 
to hold the valve 42 open, power transistor 50 is turned 
on again, coil current value is Ih after that. In order to 

10 realize this, the switching operation of power transistor 
50 is performed to repeat alternately the process of 
applying voltage Vb1 to coil 20 and the process of sus- 
pending it. 

[0058] Fig. 7 (c) is a characteristic diagram for injec- 

15 tion volume where width Ti (ms) of the injection com- 
mand pulse coming from the engine controller 58 is 
plotted on the horizontal axis, and injection volume with 
battery voltage reduced to Vb1 is assigned on the verti- 
cal axis. As shown in Fig. 7 (a), drop of the battery volt- 

20 age results in later rise of coil current and delay of the 
valve opening time. This also delays the rise of injection 
volume, as shown in (c). So when the valve is opened, 
pressure is balanced around the valve 42, and the force 
applied to valve 42 is reduce, as discussed earlier. As 

25 shown in Fig. 6, if the battery voltage is not reduced, the 
current value becomes holding current Ih immediately. If 
the battery voltage is low, however, current application 
time is Tp1 or more. If it is Tp1 or less, current value I 
continues to rise in the form of Ih < I < Ip. So magnetic 

30 attraction is excessive when compared to the case of 
I = Ih . As a result, current application is stopped if the 
injection pulse rises under this conditions. However, 
delay in valve closing will be increased by excessive 
magnetic attraction. 

35 [0059] Characteristics of injection volume in this 
case are reflected to command pulse width 0.5 ms to 1 
ms. Before time Tp1 is reached, there is a bigger delay 
in valve closing than when the battery voltage is normal, 
and valve opening time is prolonged. As a result, the 

40 valve opening time with respect to the same pulse width 
becomes longer than when the battery voltage is nor- 
mal (at rated voltage), and injection volume during this 
time increases with the result that a convex upward 
characteristic curve appears. This characteristic deteri- 

45 orates linearity, and the minimum injection volume 
increases in the controllable range. Application to low 
fuel engine will be difficult. A further drop of battery volt- 
age will result in the coil current unable to reach Ip in the 
maximum injection command pulse width, with the 

so result that the appropriate current value Ih required to 
keep the valve open cannot be attained. Current appli- 
cation may terminate if the current is kept high. If this 
occurs, there will be a substantial deterioration in the lin- 
earity of the injection volume. Furthermore, a modestly 

55 high current may be applied for a long time, and heat 
generation or burnout may occur. 
[0060] By contrast, Fig. 8 is a characteristic dia- 
gram where a low value is selected as a target peak cur- 
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rent value in conformity to the drop of battery voltage 
when the battery voltage has dropped. 

[0061] According to the present embodiment, the 
time before the coil current reaches target peak current 
value can be assumed as Tp2 by setting the target peak 
current to the value Ip1 (< Ip) optimum to battery voltage 
Vb1 (< Vb) in the event of battery voltage drop, as 
shown in Fig. 8. At the same time, this ensures an early 
transfer of coil current to current value Ih appropriate to 
holding the valve 42 open. Furthermore, the optimum 
peak current Ip1 (target peak current) for this battery 
voltage Vb1 may be obtained either on an experimental 
basis by injector characteristics test or by simulation. 
[0062] In the present embodiment, the target peak 
current value in opening the valve is set to the optimum 
value Ip1 , and the holding current is set to the optimum 
value Ih. This makes it possible to implement the char- 
acteristics of injection volume being linearly increased 
in conformity to the increase in the width of the injection 
command pulse when the valve is opened. 
[0063] When fuel is injected according to the char- 
acteristics shown by the solid line of Fig. 8 (c), delay in 
valve opening may result from drop of the battery volt- 
age. According to the present embodiment, offset Ts1 is 
added to pulse width Ti to compensate for injection 
command pulse width Ti in the event of battery voltage 
drop. Optimization of the injection volume characteris- 
tics can be ensured by current application in response 
to the injection command pulse having the compen- 
sated pulse width. For example, if the width of required 
injection command pulse of the engine controller 58 is 
TiOms, current application time is compensated as (TiO 
x Ts1) ms. This makes it possible to keep injection vol- 
ume characteristics to have the optimum linearity while 
the impact of battery voltage drop is minimized. 

When coil and harness resistance has increased ) 

[0064] Figs, (a) and (b) show the characteristics of 
the coil current and applied voltage in driving the coil 20 
with the target peak current Ip kept under the same con- 
dition as Fig. 6, when the coil and harness resistance 
has increased, with the battery voltage and fuel pres- 
sure kept unchanged from the standard state shown in 
Fig. 6. 

[0065] When resistance has increased to reach R1 
in Fig. 9, the rise of the current flowing to the coil 20 is 
reduced. This is because the convergent value is 
reduced although the time constant of the electric circuit 
formed in the coil and harness is improved. In Fig. 9 (a), 
the Vb/R1 cannot reach Ip, even if the battery voltage 
Vb is applied, and battery voltage Vb is applied over the 
width Ti (here 1 .5 ms) of the command injection pulse. 
Without reaching the optimum holding current Ih, coil 
current value it becomes Vb/Ri (> Ih) over the width Ti 
(here 1 .5 ms) of the command injection pulse. 
[0066] Fig. 9 (c) is a characteristic diagram for injec- 
tion volume where width Ti (ms) of the injection com- 



mand pulse coming from the engine controller 58 is 
plotted on the horizontal axis, and injection volume with 
resistance increased to R1 is assigned on the vertical 
axis. As shown in Fig. 9 (a), the margin for coil current 
5 rise is reduced, and the valve opening time is delayed. 
This delays the rise of injection volume, as shown in (c). 
So when the valve is opened, pressure is balanced 
around the valve 42, and the force applied to valve 42 is 
reduce, as discussed earlier. 

10 [0067] As shown in Fig. 6, if resistance is not 
increased, the current value becomes holding current Ih 
immediately. If resistance is increased, however, coil 
current I continuously flows in the state of 
Ih < 1 = Vb/Rh <lp. In this state, it is excessive as 

15 compared with the case of the magnetic attraction of 
coil 20 being I = Ih . As a result, current application is 
stopped if the injection pulse falls. However, delay in 
valve closing will be increased by excessive magnetic 
attraction. This phenomenon is reflected in volume 

20 injection in (c). In other words, increase of resistance 
results in closing of valve delayed by excessive attrac- 
tion due to excessive current. A longer valve opening 
time is required than when resistance is normal. As a 
result, the valve opening time for one and the same 

25 pulse width is longer than when the battery voltage is 
normal (at rated voltage). Injection volume is increased, 
with the result that a convex upward characteristic curve 
appears. At the same time, abrupt rise characteristic for 
pulse width appears. This characteristic deteriorates lin- 

30 earity, and the minimum injection volume increases in 
the controllable range, with the result that application to 
low fuel engine will be difficult. Furthermore, under this 
condition, coil current cannot reach the target peak cur- 
rent value Ip for the width of the maximum injection 

35 command pulse, and the optimum current value Ih to 
hold the valve 42 is not obtained. Current application 
terminates at a high current. Furthermore, heat genera- 
tion or burnout may occur due to long-time current appli- 
cation at a modestly high current. 

40 [0068] Fig. 10 shows the result of characteristics 
when low target peak current value is selected in con- 
formity to resistance increase when there is an increase 
of resistance. 

[0069] According to the present embodiment, the 
45 target peak current is set to value Ip2 (< Ip) optimum to 
resistance R1 when resistance has increased, as 
shown in Fig. 10. This makes it possible to ensure the 
time for coil current to reach the target peak current 
value is Tp3. This ensures an early transfer of the hold- 
so ing current required to hold the valve 42 to the current 
value Ih. The optimum peak current Ip2 (target peak 
current value) for this resistance R may be obtained 
either on an experimental basis by injector characteris- 
tics test or by simulation. 
55 [0070] According to the present embodiment, target 
peak current value is set to the optimum value Ip when 
the valve is open. Since the holding current is set to the 
optimum value Ih, it is possible to realize the character- 
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istics of the linear increase of injection volume in con- 
formity to increase in the width of the injection command 
pulse when the valve is open. 

[0071] When fuel is injected from the injector 10 
according to the injection volume characteristics shown 
by the solid line in Fig. 1 0 (c), a delay may occur to valve 
opening due to increase in resistance. In this case, off- 
set Ts2 is added to the pulse width Ti to compensate for 
width Ti of the injection command pulse, thereby chang- 
ing the injection volume characteristics from the charac- 
teristics indicated by the solid line to those indicated by 
broken lines. If the width of the injection command pulse 
required by the engine controller 58 is Ti 0 ms, for exam- 
ple, it is possible to realize the injection volume charac- 
teristics with the minimum impact of increased 
resistance by correcting current application time to (TiO 
+ Ts2) ms. 

[0072] Fig. 1 1 (a) shows the relationship between 
the coil and harness resistance and coil current 
response when the battery volume and fuel pressure 
are set at desired values. From this Fig., it is apparent 
that increase in the coil and harness resistance means 
a decrease of the current convergent value. A dotted 
line in the Fig. denotes the curve where the injection vol- 
ume characteristics are made optimum. This curve can 
be may be obtained either on an experimental basis or 
by simulation. The crossing point between this optimum 
current and current response is the optimum target 
peak current value for each of the coil and harness 
resistances. 

[0073] Fig. 1 1 (b) tabulates this relationship. These 
data are stored in the target peak current storage unit 
68 and target switching time storage unit 74. The opti- 
mum target peak current value can be uniquely deter- 
mined by specifying the battery voltage and current 
application. This relationship is stored in the target 
switching time storage unit 74 as the data on target 
switching time. The data of the target peak current table 
shown in Fig. 1 1 (b) is given as a vale which decreases 
in the direction where resistance increases. The peak 
arrival time (target switching time) is given as a value 
which increases in the direction where resistance 
increases. In this way, injection volume characteristics 
can be improved by decreasing the target peak current 
or by delaying the target switching time when coil and 
harness resistance has increased, based on the data 
stored in the table. 

When fuel pressure has increased) 

[0074] Figs. 12 (a) and (b) are characteristic dia- 
grams showing the characteristics of the coil current 
and applied voltage in driving the coil 20 with the target 
current Ip kept in the same state as Fig. 6, when fuel 
pressure supplied to the injector 10 is increased to 
reach Pf1, with the battery voltage and resistance 
unchanged from the state of Fig. 6. Even when the fuel 
pressure has increased, the electric circuit does not 
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change from the state in the battery voltage and 
coil/harness resistance, if the target current Ip is kept 
unchanged. So current waveform and magnetic attrac- 
tion to be generated stay unchanged from the state of 
5 Fig. 6. However, the force applied to valve 42 is 
increased by fuel pressure, so the valve 42 is closed 
immediately although it opens slightly. 

[0075] Fig. 12 (c) is a characteristic diagram for 
injection volume where width Ti (ms) of the injection 

w command pulse coming from the engine controller 58 is 
plotted on the horizontal axis, and injection volume with 
increased fuel pressure is assigned on the vertical axis. 
The injection volume characteristics shown in (c) 
denote a constant value with respect to width Ti of the 

15 injection command pulse. This shows that the valve 
cannot be opened despite prolonged current application 
time after the valve 42 has closed subsequent to open- 
ing. It is impossible to control the injection volume in 
terms of current application. In other words, according 

20 to the peak hold method similar to the conventional 
method, the valve does not open in the event of fuel 
pressure, and injection volume cannot be controlled 
current application time. 

[0076] By contrast, Fig. 1 3 shows the characteristic 
25 results when fuel pressure is increased and target peak 
current value is increased in conformity to increased 
fuel pressure. 

[0077] According to the present embodiment, the 
valve can be opened by changing the target peak cur- 

30 rent to the value Ip3 (>lp) optimum to fuel pressure Pf1 
in the event of increased fuel pressure, as shown in Fig. 
1 3. The optimum peak current Ip3 with respect to this 
fuel pressure Pf 1 may be obtained either on an experi- 
mental basis by injector test or by simulation. 

35 [0078] In the present embodiment, the target peak 
current value when the valve 42 is open is set to the 
optimum value Ip3 and the holding current is set to Ih. 
This makes it possible to realize the characteristics of 
the injection volume being linearly increased in con- 

40 formity to increase in the width Ti of injection command 
pulse, when the valve is open. 
[0079] According to the present embodiment, adop- 
tion of the above discussed drive method allows the fuel 
to be injected according to injection volume characteris- 

45 tics Q1 indicated by the solid line in Fig. 13. However, 
injection of fuel according to injection volume character- 
istics indicated by the solid line may cause a delay in 
opening of the valve 42 in conformity to increased fuel 
pressure. In this case, offset Ts3 is added to the pulse 

50 width Ti to correct the pulse width Ti, and current is 
applied to coil 20 according to the corrected injection 
command pulse and to compensate for the injection 
rate. This makes it possible to inject fuel according to 
the optimum injection volume characteristics as shown 

55 by characteristic Q3. For example, when the width of the 
injection command pulse required by the engine con- 
troller 58 is TiO ms, the current application time is cor- 
rected to (TiO + Ts3) ms, and this corrected current 
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application time is divided by square root VKp of the 
magnification of the reference fuel pressure. In other 
words, it is possible to realize the injection volume char- 
acteristics with the minimum impact of increased fuel 
pressure by correcting current application time to (TiO + 5 
Ts3)/VKp, as shown by characteristic Q3 in Fig. 13 (c). 

[0080] Characteristics given in Fig. 14 are taken 
into account when setting the target peak current value 
and peak arrival time (target switching time) in conform- 
ity to increased fuel pressure. 10 
[0081] Fig. 14 (a) shows that the current value 
which optimizes injection volume characteristics in each 
fuel pressure is plotted on the current response where 
the battery voltage and coil/harness resistance are set 
at desired values. Each point can be may be obtained 15 
either on an experimental basis or by simulation. Each 
point serves as the optimum target peak current value in 
each fuel pressure. Fig. 14 (b) tabulates the relationship 
shown in (a). Furthermore, the optimum target peak 
current value can be determined uniquely by specifying 20 
the battery voltage and current application time. When 
this relationship is used, the data related to this table will 
be stored in the target switching time storage unit 74. As 
shown in (b), the values which increase in the direction 
of increasing fuel pressure are assigned as the data 25 
stored in the target peak current table. The values which 
increase in the direction of increasing fuel pressure are 
also assigned as the data on peak arrival time (target 
switching time). 

[0082] In this way according to the present embodi- 30 
ment, the injection volume characteristics can be 
improved by increasing the target peak current value or 
by delaying the target switching time when there is a 
increase of fuel pressure. 

[0083] In the present embodiment, u lh q is assumed 35 
as holding current without any change with respect to 
the rise of fuel pressure; however, it can be changed 
with respect to the rise of fuel pressure. 
[0084] Reference has been made of the case 
where each of battery voltage, resistance and fuel pres- 40 
sure is changed in the said embodiment. An abrupt 
change is considered to be made to fuel pressure and 
battery voltage in the normal operation mode. For fuel 
pressure, by way of an example, there is a variable fuel 
pressure system with respect to the engine speed, load 45 
conditions and the like. Normally, there are cases where 
an abrupt change of the battery voltage is caused by an 
abrupt change of electric loads. 
[0085] Fig. 15 shows the map relationship of the 
target peak current value and target switching time with 50 
respect to the each battery voltage and fuel pressure 
from 7 MPa (Megapascal) to 12 MPa, where the resist- 
ance is kept constant and battery voltage changes from 
6 to 14 volts. The optimum points of each fuel pressure 
in each voltage are plotted, and are connected for each 55 
fuel pressure to get the optimum curve for the injection 
volume characteristics in each fuel pressure. Each point 
may be obtained either on an experimental basis or by 



simulation. The map of Fig. 15 (b) is a two-dimensional 
map for the battery voltage and fuel pressure. If this 
map is stacked for each resistance, a three-dimensional 
target IP map and target Tp map are obtained. 

[0086] Fig. 16 (a) is a conceptual diagram repre- 
senting the target Ip map, and Fig. 16 (b) is the one 
showing the target Tp map. The target Ip map and tar- 
get Tp map are 3D maps based on three augments; bat- 
tery voltage, coil/harness resistance and fuel pressure. 
[0087] If the numerical values stored in the target I 
map in Fig. 16 (a) are made to correspond to one 
another for each axis, the data are stored in the target 
peak current storage unit 68 in the following directions; 
in the direction of decreasing target peak current for 
decreasing battery voltage, in the direction of decreas- 
ing target peak current for increasing resistance, and in 
the direction of increasing target peak current for 
increasing fuel pressure. 

[0088] If the numerical values stored in the target 
Tp map in Fig. 16 (b) are made to correspond to one 
another for each axis, the data are stored in the target 
switching time storage unit 74 in the following directions; 
in the direction of prolonged target switching time for 
decreasing battery voltage Vb, in the direction of pro- 
longed target switching time for increasing resistance, 
and in the direction of prolonged target switching time 
for increasing fuel pressure. 

[0089] Fig. 17 is a characteristic diagram showing 
the drive method where switching is performed at peak 
current value Ip when the valve is opened, and the peak 
current is held thereafter. The present invention can 
also be applied to such a drive method. In this case, 
time Tp5 to release holding of the target peak current 
value Ip in addition to target peak current value Ip is also 
stored. The value is switched to ensure the value opti- 
mum to the changes of battery voltage, resistance and 
fuel pressure. This optimum value may be obtained 
either on an experimental basis or by simulation. Judg- 
ing from the settings of the above-mentioned Ip map 
and Tp map, time Tp5 to release holding will be stored 
in terms of numerical values which are set in the direc- 
tion of prolonged time for decreasing battery voltage, in 
the direction of prolonged time for increasing resist- 
ance, and in the direction of prolonged time for increas- 
ing fuel pressure. 

[0090] The above description relates to the method 
for searching the Ip map and Tp map when seeking the 
target peak current value and target switching time in 
conformity to battery voltage and fuel pressure in each 
of the above-mentioned embodiments. If map contents 
are highly monotonous without reverse point or singular 
point, the dimension of the map can be omitted, or com- 
pensation by interpolation or mathematical expression 
can be used. 

[0091] In each of said embodiments, the above 
describes the case of using the single battery 18 as a 
battery. When multiple batteries with different voltages 
as batteries, for example, 42-volt and 14-volt batteries 
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are installed, it is also possible to provide a selection cir- 
cuit between each battery and coil 20, and apply voltage 
from high-voltage battery (42 volts) to coil 20 in the ini- 
tial stage of valve opening, and current from low-volume 
battery (14 volts) to the coil 20 when holding current is 5 
to be fed to the coil 20. In this case, the voltage of the 
high-voltage, battery (42 volts) is monitored by the cur- 
rent switching control unit 60. In the event of this volt- 
age, target peak current value is reduced or target 
switching time is prolonged. Through this process, it is 10 
possible to gain similar effects as those of said embodi- 
ments. 

[0092] With reference to Fig. 18, the following 
describes the embodiment where electromagnetic fuel 
injector shown in Fig. 1 is applied to the internal com- 15 
bustion engine including the vehicle: In Fig. 18, an 
engine 100 constituting the internal combustion engine 
comprises an igniter 102, suction unit 104, exhaust unit 
106, cylinder 108 and piston 1 10. The cylinder 108 has 
injector 10 mounted thereon. A feed pump 112, pres- 20 
sure regulator 114 and the like together with the fuel 
pressure sensor 72 and fuel pump 14 are arranged on 
the fuel passage 16 connecting between this injector 10 
and fuel tank 12. The cylinder 108 accommodates a 
freely reciprocating piston 110. The suction unit 104 to 25 
introduce air into the cylinder 108, exhaust unit 106 to 
discharge exhaust gas from the cylinder 1 08, injector 1 0 
to inject fuel into the cylinder 108 and igniter 102 to 
ignite fuel in the cylinder 1 08 are laid out around this cyl- 
inder 108. 30 
[0093] This internal combustion engine is config- 
ured in such a way that, after being led into the fuel 
pump 14 by the drive of feed pump 12, the fuel in the 
fuel tank 12 is fed to injector 10 in a pressurized state 
through the fuel passage 16 by the drive of the fuel 35 
pump 14. The engine controller 58 determines injection 
timing and injection voltage in conformity to various 
working conditions of the engine 10 based on the infor- 
mation gained from various sensors (not illustrated), 
and sends the injection command pulse conforming to 40 
this determination to the current control circuit 56. The 
current control circuit 56 turns on the power transistor 
50 in response to the injection command pulse so that 
current is applied to power transistor 50. In the process 
of increasing the current flowing to coil 20 in the injector 45 
10 after the power transistor 50 is turned on, target peak 
current value in conformity to battery voltage, fuel pres- 
sure and coil/harness resistance is read out of the tar- 
get peak current storage unit 68. If agreement is found 
between the read-out target peak current and current so 
flowing to coil 20, the current flowing to the power tran- 
sistor 50 is switched over to the holding current by the 
switching command from the comparator 62. Then the 
injector 10 jets out the fuel at the optimum injection vol- 
ume in conformity to various operation modes of the 55 
internal combustion engine. 

[0094] Fig. 19 shows a block diagram showing 
embodiment when the electromagnetic fuel injector 



given in Fig. 3 is applied to the internal combustion 
engine. 

[0095] In the present embodiment, ON-signal is 
sent from the current control circuit 56 to the power tran- 
sistor 50 in response to injection command pulse com- 
ing from the engine controller 58. After start of current 
application to the coil 20 in the injector 10, the time 
elapsed from the start of current application is meas- 
ured by the switching timing determining unit 76. In the 
switching timing determining unit 76, target switching 
timing (target switching time) in conformity to battery 
voltage, fuel pressure and coil/harness resistance is 
read out of the target switching time storage unit 74. If 
agreement is found between target switching timing and 
time measured by the switching timing determining unit 
76, the current flowing to coil 20 is switched to holding 
current. This allows the injector 1 0 to jet out fuel accord- 
ing to the optimum injection volume characteristics con- 
forming to various operation modes of the internal 
combustion engine. 

[0096] The cylinder internal injection engine has 
been described according to the present embodiment. 
The electromagnetic fuel injector according to said vari- 
ous embodiments can also be applied to other types of 
engines. 

[0097] The present embodiment allows the coil to 
be driven in the optimum drive current waveform con- 
forming to the changes in battery voltage, coil/harness 
resistance and fuel pressure. This makes it possible to 
get the optimum fuel injection characteristics for each 
mode. 

[0098] The present embodiment allows the opti- 
mum fuel injection conforming to each operation mode 
according to battery voltage, coil/harness resistance 
and fuel pressure in the internal combustion engine 
equipped with the electromagnetic fuel injector. This 
provides an internal combustion engine characterized 
by low fuel costs and high power. 
[0099] In the embodiment described with reference 
to Figs. 4 and 11, both target peak current value and 
peak arrival time for the combined resistance including 
the resistance of a current application circuit to connect 
the battery with the coil and the resistance of the coil are 
stored. In other words, that the target peak current value 
and peak arrival time are associated with each other 
and are stored, and it is preferred that the state be 
switched over to the state of current application where 
the target current value is equal to the holding current, if 
either current value or time elapsed after start of current 
application has reached the target. This avoids the cur- 
rent being unduly increased, thereby reducing the 
power consumption and delay in valve closing. In a fuel 
injector to drive the electromagnetic fuel injection valve 
by battery voltage, reduction in power consumption 
decreases battery consumption, thereby making a sig- 
nificant contribution to improvement of the startup char- 
acteristics. 

[01 00] As discussed above, the target peak current 
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value conforming to battery voltage is selected in the 
event of changes in battery voltage. When the coil cur- 
rent has reached the target peak current value, it is 
switched over to the holding current. Or target switching 
timing conforming to battery voltage is selected. When § 
the time elapsed after start of current application has 
reached the target switching time, the holding current 
smaller than the coil current value at this time is fed to 
the coil. This method prevents peak current from being 
applied to the coil for an unduly long time, and exces- 10 
sive attraction force from being generated out of the coil, 2. 
and allows optimum linearity of the injection volume 
characteristics to be maintained. 

[0101] When there is a change in the combined 
resistance (harness resistance) including the resistance 15 
of a current application circuit to connect the battery 
with the coil and the resistance of the coil, target peak 
current value conforming to this combined resistance is 3. 
selected. When the coil current has reached the target 
peak current value, the current is switched over to the 20 
holding current. Or target switching timing combined 
resistance conforming to is selected. When the time 
elapsed after start of current application to the coil has 
reached the selected target switching time, the holding 
current smaller than the coil current value at this time is 25 
fed to the coil. This method prevents peak current from 
being applied to the coil for an unduly long time, and 
excessive attraction force from being generated out of 
the coil, and allows optimum linearity of the injection vol- 
ume characteristics to be maintained. 30 
[0102] If there is a change of pressure of the fuel in 
the fuel passage, target peak current value conforming 
to fuel pressure is selected. When coil current has 
reached the target peak current value after current 
application to the coil, the current is switched over to the 35 
holding current. Or target switching timing is selected in 
conformity to pressure of the fuel in the fuel passage. 
When the time elapsed after start of current application 
to the coil has reached the selected target switching 
time, the holding current smaller than the coil current 40 
value at this time is selected. This method prevents 
peak current from being applied to the coil for an unduly 
long time, and excessive attraction force from being 4. 
generated out of the coil, and allows optimum linearity 
of the injection volume characteristics to be maintained. 45 

Claims 

1. A fuel injector (10) comprising a current application 5. 
controller which controls drive of the valve body 50 
(42) installed on an electromagnetic fuel injection 
valve, (A) by controlling current so that current flows 
to a coil (20) to generate magnetic force for driving 
said valve body (42) until the current of driving said 
valve body (42) in the direction of opening the valve 55 
becomes greater than that of holding said valve 
body (42) open, and (B) by controlling current so 
that a change occurs to current application time 



when driving said valve body (42) in the direction of 
opening; 

wherein said fuel injector (10) is character- 
ized in that said current application controller allows 
current to be applied to reduce the maximum cur- 
rent in the event of increase of said current applica- 
tion time in current application when driving said 
valve body (42) in the direction of opening said 
valve. 

A fuel injector (10) according to Claim 1 comprising 
a current application circuit which applies battery 
voltage to said coil (20) installed on said electro- 
magnetic fuel injection valve without boosting said 
battery voltage, and allows current to flow from said 
battery (18) to said coil (20). 

A fuel injector (10) according to Claim 2 comprising; 

(1 ) a voltage detecting means to detect the volt- 
age of the battery (18) connected to said cur- 
rent application circuit, 

(2) a current detecting means to detect the cur- 
rent flowing to the coil (20) connected to said 
current application circuit, and 

(3) a current value storage means to store the 
target peak current value in conformity to bat- 
tery voltage; 

wherein said fuel injector (10) is further charac- 
terized in that; 

said current application controller 
(A) captures the target peak current value in 
conformity to the voltage detected by said volt- 
age detecting means, 

(8) compares between said target peak current 
value and the current detected by said current 
detecting means, and 

(C) controls current application using as a tar- 
get value the current value which is smaller 
than said target peak current value, on condi- 
tions of agreement of said two current values. 

A fuel injector (10) according to Claim 3 character- 
ized in that said current value storage means stores 
a target peak current value where current value is 
reduced in conformity to the drop of the voltage of 
the battery (18) connected to said electric circuit. 

A fuel injector (10) according to Claim 2 comprising; 

(1) a combined resistance estimating means to 
estimate the combined resistance including the 
resistance of said current application circuit to 
connect the battery (18) with the coil (20) and 
the resistance of the coil (20) connected to said 
current application circuit, 

(2) a current detecting means to detect current 
flowing to the coil connected to said current 
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application circuit, 

(3) a current value storage means to store the 
target peak current value in conformity to said 
combined resistance; 

wherein said fuel injector (10) is characterized 5 
in that 

said current application controller 

(A) captures from said current value storage 
means the target peak current value in con- 
formity to the resistance estimated by said w 
combined resistance estimating means, 

(B) compares said target peak current value 
with the current detected by said current 
detecting means, and 

(C) controls current application using as a tar- 15 
get value the current value which is smaller 
than said target peak current value, on condi- 
tions of agreement of said two current values. 

6. A fuel injector (1 0) according to Claim 5 comprising; 20 

(1) a storage means to store the relationship 
between current flowing to the coil (20) and 
said combined resistance when a specified 
time has elapsed after start of current applica- 25 
tion, and 

(2) an elapsed time measuring means to meas- 
ure the time elapsed after start of current appli- 
cation to the coil (20); 

wherein said combined resistance estimating 30 
means is configured to estimate changes in the 
composed resistance including the resistance 
of said current application circuit and the resist- 
ance of the coil (20) connected to said current 
application circuit, from the relationship 35 
between the current value stored in said stor- 
age means and combined resistance, using the 
time elapsed after start of current application 
and the current value after lapse of said speci- 
fied time. 40 

7. A fuel injector (10) according to Claim 6 comprising 
a voltage detecting means to detect the voltage of 
the battery connected to said current application 
circuit; wherein said storage means stores the rela- 45 
tionship between said current with respect to the 
voltage of multiple batteries and said combined 
resistance, and estimates the changes of the com- 
bined resistance including the resistance of said 
current application circuit and the resistance of the so 
coil (20) connected to said current application cir- 
cuit, based on battery voltage detected by said volt- 
age detecting means. 

8. A fuel injector (1 0) according to Claim 5 character- 55 
ized in that the time to switch the state of current 
application from said target peak current value to 
said holding current value is delayed, when there is 



an increase in the composed resistance including 
the resistance of said current application circuit and 
the resistance of the coil (20) connected to said cur- 
rent application circuit. 

9. A fuel injector (10) according to Claim 5 character- 
ized in that said current value storage means stores 
the target peak current value where the current is 
reduced in conformity to increase of said combined 
resistance. 

1 0. A fuel injector (10) according to Claim 2 comprising; 

(1 ) a voltage detecting means to detect the volt- 
age of the battery (18) connected to said cur- 
rent application circuit, 

(2) a current detecting means to detect the cur- 
rent flowing to the coil (20) connected to said 
current application circuit, and 

(3) a timing storage means (74) to store the 
time to switch in conformity to said battery volt- 
age; 

wherein said current application controller 

(A) measures the time elapsed from the start of 
current application in the case of driving the 
valve body (42) in the direction of opening the 
valve, 

(B) captures from said timing storage means 
(74) the time to switch in conformity to the volt- 
age detected by said voltage detecting means, 

(C) compares this switching time with said 
measured time, and 

(D) controls current application using as a tar- 
get value the current value which is smaller 
than the current flowing to said coil (20), on 
conditions of agreement of said two times. 

11. A fuel injector (10) according to Claim 10 wherein 
said timing storage means (74) stores the time to 
switch the target which is delayed in conformity to 
the drop of said battery voltage. 

1 2. A fuel injector (1 0) according to Claim 2 comprising; 

(1) a combined resistance estimating means to 
estimate the combined resistance including the 
resistance of said current application circuit to 
connect the battery (1 8) to the coil (20), and the 
resistance of the coil (20) connected to said 
current application circuit, 

(2) a current detecting means to detect current 
flowing to the coil connected to said current 
application circuit, 

(3) a timing storage means (74) to store the 
time to switch in conformity to said combined 
resistance; 

wherein said current application controller 
(A) measures the time elapsed from the start of 
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current application in the case of driving the 
valve body (42) in the direction of opening the 
valve, 

(B) captures from said timing storage means 
(74) the time to switch in conformity to the 
resistance estimated by said combined resist- 
ance estimating means, 

(C) compares this switching time with said 
measured time, and 

(D) controls current application using as a tar- 
get value the current value which is smaller 
than the current flowing to said coil (20), on 
conditions of agreement of said two times. 

13. A fuel injector (10) according to Claim 12 compris- 
ing; 

(1) a storage means to store the relationship 
between current flowing to the coil (20) and 
said combined resistance when a specified 
time has elapsed after start of current applica- 
tion, and 

(2) an elapsed time measuring means to meas- 
ure the time elapsed after start of current appli- 
cation to the coil (20); 

wherein said combined resistance estimating 
means is a device to estimate changes in the 
composed resistance including the resistance 
of said current application circuit and the resist- 
ance of the coil (20) connected to said current 
application circuit, from the relationship 
between the current value stored in said stor- 
age means and combined resistance, using the 
time elapsed after start of current application 
and the current value after lapse of said speci- 
fied time. 

14. A fuel injector (10) according to Claim 13 compris- 
ing a voltage detecting means to detect the voltage 
of the battery (18) connected to said current appli- 
cation circuit, wherein said storage means to store 
the relationship between current and combined 
resistance stores the relationship between said cur- 
rent value with respect to the voltage of multiple 
batteries and said combined resistance, and the 
changes in the composed resistance including the 
resistance of said current application circuit and the 
resistance of the coil (20) connected to said current 
application circuit are estimated, based on the bat- 
tery voltage detected in said voltage detecting 
means. 

15. A fuel injector (10) according to Claim 12 character- 
ized in that the time to switch the state of current 
application from said target peak current value to 
said holding current value is delayed. 

16. A fuel injector (10) according to Claim 12 wherein 



said timing storage means (74) stores the time to 
switch the target which is delayed, when there is an 
increase-in the composed resistance including the 
resistance of said current application circuit and the 
5 resistance of the coil (20) connected to said current 
application circuit. 

17. A fuel injector (10) comprising a current application 
controller which controls drive of the valve body 

10 (42) installed on an electromagnetic fuel injection 
valve, (A) by controlling current so that current flows 
to a coil (20) to generate magnetic force for driving 
said valve body (42) until the current of driving said 
valve body (42) in the direction of opening the valve 

15 becomes greater than that of holding said valve 
body (42) open, and (B) by controlling current so 
that a change occurs to current application time 
when driving said valve body (42) in the direction of 
opening; 

20 wherein said fuel injector (10) is character- 

ized in that said current application controller con- 
trols current application to a coil (20) according to 
the fuel injection command pulse compensated to 
have a long pulse width, in the event of increase of 

25 said current application time when driving said 
valve body (42) in the direction of opening said 
valve. 

18. A fuel injector (10) comprising a current application 
30 controller which controls drive of the valve body 

(42) installed on an electromagnetic fuel injection 
valve, (A) by controlling current so that current flows 
to a coil (20) to generate magnetic force for driving 
said valve body (42) until the current of driving said 

35 valve body (42) in the direction of opening the valve 
becomes greater than that of holding said valve 
body (42) open, and (B) by controlling current so 
that a change occurs to current application time 
when driving said valve body (42) in the direction of 

40 opening; 

wherein said fuel injector (10) comprises a 
combined resistance estimating means to estimate 
the combined resistance including the resistance of 
said current application circuit to connect between 

45 the battery (18) electrically connected to said coil 
(20) to supply current to thereto and said coil (20), 
and the resistance of said coil (20); 

and said current application controller is 
characterized by controlling current to the coil (20), 

so based on fuel injection command pulse with the 
width thereof compensated in conformity to the 
resistance estimated by said combined resistance 
estimating means. 

55 19. An internal combustion engine comprising; 

(1) a cylinder (108) to accommodate a freely 
reciprocating piston (1 10), 
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(2) an air suction means (104) to introduce air 
into said cylinder (108), 

(3) a gas exhausting means (106) to discharge 
exhaust gas from said cylinder (108), 

(4) a fuel injector (1 0) to inject fuel into said cyl- 
inder (108), and 

(5) an igniting means (102) to ignite said fuel in 
said cylinder (108); 

wherein said internal combustion engine has a 
fuel injector (110) according to any one of 
Claim 1,17 and 18 as said fuel injector (10). 



15 



20 



25 



30 



35 



40 



45 



50 



5 



10 



16 



EP 1 072 779 A2 



FIG. 1 




17 



EP 1 072 779 A2 



FIG. 2A 




FUEL 



FIG. 2B 



I 



28 




+ 




INJECTION 



18 



EP 1 072 779 A2 



FIG. 3 



FUEL | .10 _ 

20 

+ 



I 28 ) 










INJECTION 




19 



EP 1 072 779 A2 



FIG. 4 



(a) RELATIONSHIP BETWEEN BATTERY VOLTAGE AND 
COIL CURRENT(CONSTANT RESISTANCE AND FUEL 
PRESSURE) 
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FIG. 11 



(a) RELATIONSHIP BETWEEN RESISTANCE AND COIL 
CURRENT(CONSTANT BATTERY VOLTAGE AND FUEL 
PRESSURE) 
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FIG. 14 

(a) RELATIONSHIP BETWEEN FUEL PRESSURE AND OPTIMUM PEAK 
CURRENT(CONSTANT BATTERY VOLTAGE AND RESISTANCE) 
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FIG. 16 

(a) TARGET Ip MAP 
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FIG. 17 
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FIG. 18 
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FIG. 19 
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